Abstract-Solid waste management has become an ever growing problem world-wide due to rapid urbanization and population growth. South Africa was found to have generated 59 million tons of general waste in 2011 with the Western Cape generating 675kg/capita/annum. The convention of management has been that of landfilling, however this method is fast becoming insignificant due to the lack of space and detrimental nature to environment. In light of the energy security issue South Africa is facing, and the global drive of finding alternate sources of fuel with the depletion of fossil fuel, attention has turned to MSW as a sustainable source of energy while remediating its effect on the environment. Thermochemical conversions of Municipal Solid Waste (MSW), thus presents an attractive means of harnessing the potential value in this waste stream thus thermochemical conversion pose an attractive means of converting this waste stream into valuable fuel products. Study was conducted making use of RDF pellets produced from the MSW. Pellet density was varied by varying the starch binder to MSW ratio, thus the effect of this on energy content and thermal degradation behavior was studied. The energy content of MSW in Cape Town was investigated using a bomb calorimeter and the thermal degradation behavior was studied using Thermogravimetric Analysis (TGA). The MSW calorific value was found to average at 19MJ/kg and 3 distinguishable major mass loss regions were found between temperatures 55 -265 
I. INTRODUCTION
Solid waste management is an ever growing challenge for any major city, not only in South Africa, but on a global scale. Due to urbanization, populations of major cities grow immensely on an annual basis. It stands to reason that with an increasing amount of people flocking into an area, the amount of solid waste generated would also show a substantial increase, exhibiting a relationship of direct proportionality. This then poses a challenge to the municipalities with regards to the management of the ever increasing volumes of waste generated.
Comprehensive Municipal Solid Waste (MSW) characterization data is not available in more recent documentation, however, a study conducted by the DEAT in conjunction with the Council for Scientific and Industrial Research(CSIR) South Africa in 2011 reports that generation data according to per capita per annum was found to be still relevant in 2011 [1] . Table I illustrates clearly the link between urbanization and waste generation. Gauteng followed by the Western Cape Province show the highest amount of waste generation being 761 and 675 kg/capita/annum respectively. These respective provinces are also considered as the two most urbanized provinces in South Africa
According to the Population Education report published by the City of Cape Town in 2011, the population of the city increases by 2.6% every year. In this document, Statistics South Africa reported that in 2011, the population of Cape Town was 3.74 million. With a population growth rate of 2.6% annually, it means that Cape Town currently has a population of 4.03 million showing an increase of approximately 290 000 people over the past 3 years. Treasury reports that approximately an average of 0.8 to 3 kg per capita per day is generated suburban areas in South Africa. This amounts to quite a substantial amount when considering all the contributors of MSW in a specific town, city, or metropolitan area. City of Cape Town municipality website reports that approximately 1.9 mega tons of waste is generated annually in the city [2] - [4] .
Modeled waste data shows that South Africa as a whole generated 59 million tons of general waste in 2011 (see Table  II ) [3] . Recycling efforts only account for an estimated 5.8 million tons while the balance of 53 million tons.
The composition of general waste in South Africa as contributed by industrial, commercial and household waste streams can be represented in terms of plastic, paper, glass, tyres, organic waste, construction and demolition waste, and non-recyclable municipal waste. Paper, plastics, glass and tyres are regarded as the mainline recyclables. Taking a closer look at the composition of the MSW namely in the City of Cape Town and the Gauteng province of South Africa, only a few studies of characterization have been carried out to date . With regards to the organic fraction of the waste, it can be split into putrescibles, greens and garden waste. Adding these streams together however and reporting them as organic waste shows that the City of Cape Town alone is very closely comparable to the whole province of Gauteng. In most developing countries, burning and landfilling are the common placed methods for MSW management, with glass and plastics being recycled. These methods are however largely inadequate and also pose a threat to the environment, public health, quality of air, landscape and ground water [5] .
Thermo-chemical conversion thus provides an attractive means to managing waste whilst obtaining an alternative sustainable energy source.
Landfilling in particular is increasingly being globally recognized as an unsustainable method for waste management due to the adverse effects it has on the environment in terms of polluting contaminants [6] - [9] . Waste-To-Energy (WTE) conversion technologies are largely gaining positive acclaim with numerous municipalities worldwide [10] . These technologies can be separated into biological/chemical, physical or thermal technologies.
Biological/chemical technologies are low temperature operations running below 200 o C and hence with low reaction rate as reaction rate is directly proportional to reaction temperature [11] . Some technologies are comprised of the manufacturing of products by means of physical chemistry and chemical processes applied in multiple steps. A vast range of by-products are obtained ranging between compost, chemicals and electricity.
Physical technologies deal with the changing of the characteristics of the organic fraction from the MSW feedstock. These organic materials may be separated, shredded and dried resulting in a material formally known as refuse-derived fuel (RDF). This fuel can come in the form of densified or pelletized homogenous fuel pellets which are used in thermal technologies.
Thermal technologies, unlike the biological/chemical technologies, operate at much higher temperatures ranging from 400 o C to 5000 o C. Electricity is commonly the primary by-product from most thermal technologies currently in application. Thermal technologies include advanced thermal conversion processes in the form of incineration, pyrolysis, and gasification. This paper focuses on understanding the energy potential of Refuse Derived Fuel (RDF) pellets from MSW in the City of Cape Town and their respective thermal degradation behavior. This can be regarded as a preliminary study in order to understand the thermal characteristics of this alternate source of energy as a basis for application in thermo-chemical conversion technologies in future applications for the production of energy, be it in the form of electricity or even transportation fuels. This is in light of the current energy security issue that South Africa faces in terms of insignificant fossil fuel reserves in terms of coal and natural gas. South Africa's most abundant energy source is coal and most of the coal is of low quality, low heating value and high ash content. According to the Electricity Supply Commission, also known as "ESKOM" in South Africa, the organization relies on this coal to generate 90% of South Africa's electrical energy supply. Even with the coal, South Africa is still facing a crisis in terms of balancing power supply with demand which has resulted in ESKOM resorting to a relief procedure known to South African citizens as "Load shedding".
Sasol uses the gasification of coal to produce syng as for petroleum production. However, coal is somewhat, "dirty" source of fuel due to its polluting nature. Petro SA converts natural gas into liquid fuels, however reserves are low.
MSW on the other hand offers a sustainable, non-exhaustible and non-season dependent source of raw material for the production of any form of energy.
II. MATERIALS AND METHODOLOGY

A. Source of Sample
All MSW samples used were collected from the mixed waste sections of the drop-off facilities and transfer stations around the City of Cape Town municipal area. The mixed waste section is chosen as this is the waste that is to be disposed off in the landfills. At least four sample bags of mixed waste samples were collected from each site in order to get a good representative of the specific sample site.
B. RDF Production
MSW poses a processing challenge due to its heterogeneous nature. The production of RDF pellets is put in place as a remedial strategy to this. However, due to different locations and sometimes seasonal waste, the pellets themselves may still have differing characteristics in terms of composition. In order to limit the variations of the RDF properties in terms of the composition and thermal properties the following steps were implemented in production: 1) The MSW samples were reduced in size proportions with regards to the large components of the collected samples by means of a hand held scissor. All the large components of a specific sample must be cut into smaller pieces to allow for ease of handling. 2) Samples are then dried in a temperature controlled oven at approximately 60 o C over a 5 hour period.
3) The dry samples are then further reduced in size using a hammer mill.
4) A sample splitter is then used to obtain composites of the now powdered form MSW sample. 5) Modified corn starch mixed with water is then used as a binder where the starch to MSW ratio is varied and the pellets are formed using a hand held pellet press. 6) Pellets are then dried as in step 2.
By applying this method, the sample should exhibit the same kind of properties or a very small to negligible range of variation.
C. Calorific Value Determination
It is important to know the amount of energy the MSW mixed waste samples contain as means of understanding the potential of the waste feed stock as a source of fuel. This was done by means of an E2K Bomb Calorimeter. The instrument is used to determine a sample's energy content in terms of the calorific value. This measurement is achieved by combusting the sample in a pressurized vessel which is pressurized with oxygen up to 3000 kPa. Since the vessel is filled with oxygen, the apparatus is able to achieve complete combustion of the sample in question. After the process is complete, the device gives a result as a CV value in MJ/kg. The sample mass used in the apparatus is 0.5 grams. Through the bomb calorimeter, the energy that will be liberated from the MSW during a combustion process will be determined, thus giving an idea of how and where the energy can be used.
D. Thermo-Gravimetric Analysis
The significance in understanding the thermal stability of the MSW sample is that it gives a clear picture of how the feedstock will degrade under thermal processing. This will help in the fact that it gives a guide as to how the process parameters can be manipulated during an optimization procedure.
The method used in the analysis is as follows: 1) The analysis begins where the waste sample is heated in an inert environment of N2 from 20°C-920°C at a heating rate of 20°C/min 2) At 920°C the temperature is then maintained for 15 min in N2environment. 3) With the temperature still maintained at 920°C, O 2 is then introduced to the system and maintained for 15 min. The TG curve is obtained from plotting the mass loss% against the temperature. From these curves, the data for proximate analysis can be obtained by finding the major mass loss regions and correlate them to the relevant property in terms of volatile matter, fixed carbon, ash content and moisture content
III. RESULTS AND DISCUSSION
A. Calorific Value
In total, 30 samples were tested amounting to 10 sample sites completed. Each sample site was analyzed 3 times to ensure the integrity of the results. The averaged results for each sample site are presented on Fig. 3 .
The results presented in Fig. 3 represent the raw ground up samples of MSW on a dry basis. The averaged calorific value measurements, of the samples in total range from approximately 15 to 25 MJ/kg averaging out to approximately 19 MJ/kg. In analysis of the samples, there were samples that showed higher energy levels with one sample from Ladiesmiles maxing out at 28.9 MJ/kg. This sample and others that had calorific values above 20 MJ/kg were all found to have one thing in common and that is there was a significant amount of non-recycled plastics, like plastic bags and some plastic bottles. Columbia University Earth Engineering Center, these plastics have a calorific value of approximately 32 MJ/kg [12] . [13] . This difference in calorific value of the waste can be attributed to the presence or lack thereof of NRP's in the waste in question. All the locations mention above are fairly developed areas in the world, which means the difference in calorific value might depend on the level of sorting and recycling practices in each area's waste management facilities, hence determining the amount of NRP's present in the waste. An example of such practices would be that practiced in many communities where the NRP's are converted into oil by means of a pyrolysis process [12] . This then means that the NRP's would not be present in the MSW that is to be landfilled. In the case of the Cape Town samples however, no such process is in place in the current waste management structure of the city municipality, however, there are still areas that show quite low calorific value. As mentioned earlier, the averaged range is between 15 and 25 MJ/kg. The areas with calorific value of approximately 15 MJ/kg had MSW of similar composition as displayed in Fig. 2 ; however the organics fraction in these areas was found to be much higher. The Woodstock site for instance possesses the lowest calorific values. This is due to the fact that the sample from Woodstock is mainly comprised of biomass which is essentially only wood chippings. Wood has a calorific value of about 14.4 MJ/kg according IGNIS Energy and the average for Woodstock was 14.8 MJ/kg which is fairly consistent. This site along with Coastal Park and Belharexhibit similar characteristics in terms the waste composition and calorific value. The common factor among these sites is that they are all situated near residential areas thus the waste is mainly from domestic sources which is mostly kitchen waste and garden waste, of which both fall under the organic fraction of the waste. The higher CV sample sites are situated in densely populated areas where industry and commerce are dominant meaning that the waste contains mostly plastic (packaging, bottles, carrier bags etc.), paper (office paper, cardboard packaging etc.) and still with some domestic waste from residential complexes. However this domestic waste understandable doesn't have garden waste as residences are in a city center like setting. The 15 to 25 MJ/kg result obtained is quite a vast range and just averaging from that does not give a very accurate picture in terms of the calorific value of MSW in Cape Town. Thus it was decide that a composite sample must be prepared and analysed to get a more reputable idea of what the calorific value of the city's MSW would be on an overall basis (see Fig. 4 ). In comparison of the results in Fig. 3 and Fig. 4 , it is deduced that the latter representing the composite sample ranges between 13 and 23 MJ/kg. However, with the composite, only one sample out of 10 runs was at the extreme low of 13 MJ/kg, as the other reading ranged from approximately 17 to 23 MJ/kg which is not as vast. This shows that the sample is fairly close to being homogeneous which means it is a good representative sample for the overall energy content of the city's MSW. In comparing the average CV for the composite sample and the average from the site samples, it is established that the average is reasonable close as the composite averaged out at 18.9 MJ/kg while the site sample overall average was found to be 19 MJ/kg. This indicates that it can be assumed with good reason that the average Calorific Value of the MSW is approximately 19 MJ/kg.
Studies conducted in India, Germany and Japan, show calorific values of 12-13 MJ/kg, 15-18 MJ/kg and 18 to 20MJ/kg respectively [14] . These calorific values were obtained from RDF pellets manufactured from MSW. On average, RDF is expected to have calorific value ranging from 12 to 15 MJ/ kg [14] . Interestingly so, the RDF from India with its low calorific value compared to others is used as fuel for electricity generation, thus the MSW from Cape Town is more than appropriate for the same type of application in terms of CV. It is reported that the energy -return-on-energy-invested (EROEI), for the RDF from India is in the range of 10 to 15. This is referred to as the ratio between the energy provided by a certain fuel and the energy required in the acquiring and delivery of this energy [15] . The 10 to 15 range can be compared to the EROEI of a crude oil well of approximately 2000m in depth which is quite significant [14] .
In this study, the RDF pellets produced were of the same diameter of approximately 18mm with varying ratio of the starch binder used. The ratio's used in terms of starch content to MSW in the production of the pellets were 0:1, 0.5:1, 1:1 and 2:1 with pellet density of 326, 461, 516, and 641 kg/m 3 . RDF pellet density is a measure of its hardness ranging from 250 to 700 kg/m 3 which relates to a measure of soft to very hard [16] . These results show that the pellet density is directly proportional to the amount of binder added during pelletization.
The calorific value of the RDF pellets was found to have the same average as the unpelletized MSW at 19 MJ/kg. This shows that the starch has no effect on the CV of the waste, however the range of the CV from the pelletized samples was somewhat more narrow ranging from 16.8 to approximately 20 MJ/kg. This shows that the pelletized MSW or RDF is more homogenous than the unprocessed waste.
B. Thermal Degradation Behavior of MSW
Thermal degradationof the MSW was studied using TGA. A total of 6 different samples were studied and the comparison was aimed at studying the effect of the starch content on the degradation behavior of the RDF pellets produced. Also the thermal degradation of the unpelletized MSW was analyzed including that of virgin biomass which is normally the conventional feedstock for alternative fuel production applications due to its homogenous nature in terms of composition which allows ease of operation in production plants. The results obtained are presented in Fig. 5 below. In analysis of the results obtained, it can be deduced that from all the RDF pellet samples including the unpelletized MSW sample exhibit a similar trend in terms of the thermal degradation behavior. It can be distinguished that all the samples, except the virgin biomass, show 3 distinct regions of major mass loss. Out of the 3 distinguishable regions, the second region of major mass loss is observed to have the most significant mass loss. This is also evident in the Derivative Thermogravimetry (DTG) which describes the rate of mass loss with temperature for the samples. A third region of major mass loss is not easily disguisable from the TGA curves, however the DTG shows slight peaks after the second major peak which indicates a third region of mass loss. Taking into consideration that the analysis takes place in a nitrogen environment (inert), it can be stated that the samples were thermally degraded in pyrolytic conditions. Therefore, each degradation step can be attributed to the attributes of the samples which would be obtained in proximate analysis. The first region of mass loss can be attributed to the removal of all moisture content present in each sample. Thus the 2 nd and 3 rd regions describe the removal of all volatile matter from the samples. The average percentage of mass remaining at the end of the analysis for the pellet samples and the unpelletized MSW was found to be approximately 24% which is attributed to the ash content. This means that the samples are degraded by approximately 76% which is quite significant if looking at it in the perspective of size reduction of the waste. The removal of moisture content begins at temperatures around 55°C as the TGA and DTG curves show a slight decrease and peak respectively around this temperature and this decrease of TGA curve continues to approximately 265°C. On average, for all pelletized MSW samples (RDF) and the unpelletized MSW, this amount to approximately 7% of the sample degraded thus can be correlated to a moisture content of about 7% for these samples. The boiling point of water is 100°C which explains the evaporation of moisture in this region of mass loss. A study of combustion characteristics of RDF in oxygen environment shows similar kind of behavior at temperatures between 50 and 150°C [17] .
The removal of volatile matter distinguished by a massive decrease in the TGA curve and a very high peak in the DTG curve occurs at temperatures approximately between 270 and 410°C accounting to an average mass loss for the unpelletized MSW and RDF pellets of 51% from the previous degradation region. During this phase of decomposition of volatiles, taking into consideration the mixed nature of the MSW used in this study, cellulose being the major component in paper materials, hemicellulose, lignin as well as any inorganic components in the waste are completely de-volatized and the crystallinity and degree of polymerization of these polymers will impact the degradation behavior [17] , [18] . Decomposition of fixed carbon is not expected as analysis is carried out in an inert atmosphere.
The third major loss region is not so evident in the TGA curve; however slight peaks are noticeable in the DTG curves, more especially with the 'No Starch' pellet sample as this shows a region of increase in rate of decomposition. This mass loss phase is attributed to the removal of more volatile matter from temperatures of approximately 410°C from the preceding peak to approximately 502°C. In total, the amount of volatile matter removed on average for all samples was found to be approximately 69% of the MSW samples (RDF Pellets and unplelletized).
The degradation behavior of these samples along with the estimated proximate analysisvalues approximated from the TGA data correlate with several studies conducted with RDF and raw MSW with respect to thermal processing and pretreatment [14] and [19] , comparison of fuel value and combustion characteristics [17] , [20] and the pyrolysis of RDF [21] .
In terms of the effect of starch content on the thermal degradation behavior of the samples, the overall degradation was not much affected by the starch content in terms of the general behavior. However at the end of the analysis, the amount of sampleremaining was found to be different. With increasing starch content, the ash content remaining was found to be decreasing. This can be directly linked to the density of the RDF pellets produced. The starch to MSW ratio was found to be directly proportional to the density of the final pellet product. This then shows that the more dense the sample is, the more stable the thermal degradation behavior observed. Taking into consideration, the pellet sample of starch to MSW ratio 2:1 being the sample with the most amount of starch was found to have less than 20% ash content and all others were found to be above 20% with each ratio varying in terms of the fact that starch content was inversely proportional to the ash content at the end of analysis. This sample was also found to show the most stability in terms of thermal degradation behavior.
IV. CONCLUSION
The study conducted using MSW from the City of Cape Town Municipality in South Africa shows that the MSW has a calorific value of approximately 19 MJ/kg which is significantly high meaning that the waste can be directly used as fuel in many applications but more importantly that of electricity generation. The MSW can be convertedinto RDF pellets for direct use as boiler or furnace fuel for the production of high pressure steam in power generation. This is not the only possibility, more advanced thermochemical conversion techniques can also be applied to the waste in order to obtain high value products like fuel gases and liquid fuel products. This then warrants the understanding of the thermal degradation behavior of the MSW.
Using TGA in inert atmosphere, which can be related to that of pyrolysis, 3 distinguishable major mass loss regions were found between temperatures 55 -265°C, 270 -410°C and 410 -502°C. The total sample reduction was found to be 76% which is quite significant reduction of the waste. Studies have shown that oxygen availability in the process shows higher size reduction. This is because the process moves more towards combustion which produces CO 2 [19] . This is significant if a gasification process is to be applied as it also uses oxygen but less than stoichiometric requirements to create reducing conditions for the production of what is called syngas which can be converted to various valuable fuel products.
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